Estrogen deficiency is one of the major causes of osteoporosis in postmenopausal women. Drynariae Rhizoma is a widely used traditional Chinese medicine for the treatment of bone diseases. In this study, we investigated the therapeutic effects of the total Drynariae Rhizoma flavonoids (DRTF) on estrogen deficiency-induced bone loss using an ovariectomized rat model and osteoblast-like MC3T3-E1 cells. Our results indicated that DRTF produced osteo-protective effects on the ovariectomized rats in terms of bone loss reduction, including decreased levels of bone turnover markers, enhanced biomechanical femur strength and trabecular bone microarchitecture deterioration prevention. In vitro experiments revealed that the actions of DRTF on regulating osteoblastic activities were mediated by the estrogen receptor (ER) dependent pathway. Our data also demonstrated that DRTF inhibited osteoclastogenesis via up-regulating osteoprotegrin (OPG), as well as down-regulating receptor activator of NF-κB ligand (RANKL) expression. In conclusion, this study indicated that DRTF treatment effectively suppressed bone mass loss in an ovariectomized rat model, and in vitro evidence suggested that the effects were exerted through actions on both osteoblasts and osteoclasts.
Introduction
As the population ages, osteoporosis is becoming an increasingly common disease. It is a major public health problem worldwide, which requires effective medicine or approaches for prevention and treatment (Banu et al., 2012) . In particular, postmenopausal women are at high risk of developing osteoporosis due to significant alterations in bone metabolism associated with estrogen deficiency. The rapid bone loss and high bone fragility during menopause lead to increasing incidence rates of spine, hip and wrist fractures among postmenopausal women (Al-Anazi et al., 2011; Sundeep, 2010) .Estrogen replacement therapy (ERT), which is the major therapy for the prevention and treatment of postmenopausal osteoporosis (PMOP) (Kyvernitakis et al., 2015) , was reported to be associated with an increased risk of breast cancer, ovarian cancer, endometrial cancer and cardiovascular disease development in postmenopausal women (Davison and Davis, 2003; Foidart et al., 2007; Morch et al., 2009 ). Thus, development of affordable and alternative approaches with minimal side effects for PMOP has attracted a great deal of attention. This is particularly important for aging populations in developing countries, in which the majority of patients cannot afford the long-term use of high-cost medications. Recently, dietary phytoestrogens have been shown to be a rich source of plant-derived natural compounds and have been identified as safe and effective candidate drugs with estrogenic properties in the treatment of PMOP (Cassidy, 2003) . Plenty of Chinese herbs that are traditionally used for the treatment of bone diseases exert estrogen-like activities on bone (Chen et al., 2011b; Zhang et al., 2010; Zhang et al., 2011) and might serve as a potential source of phytoestrogens for the management of PMOP. These phytoestrogens include soya isoflavones Zhang et al., 2009) , lignans (Lampe, 2003) , and flavonoids Pang et al., 2010) . Previous reports showed that phytoestrogens attenuated bone loss associated with estrogen deficiency in both animal and human studies (Dixon, 2004) .
Drynariae Rhizoma is the dried rhizome of perennial pteridophyte Drynaria fortunei (Kunze) J. Sm. (Polypodiaceae). As a traditional Chinese medicine, Drynariae Rhizoma is widely used for the treatment of bone fractures or related diseases in Asian countries. In Chinese it is named "Gusuibu" which means bone fractures healer (Huang et al., 2014) . The crude extract of Drynariae Rhizoma has been shown to promote osteoblast differentiation and mineralization in preosteoblastic cells (Chen et al., 2011a) as well as inhibit bone resorption in mouse osteoclasts in vitro (Jeong et al., 2003) . In vivo research indicated that administration of Drynariae Rhizoma crude extract to 8-week-old BALB/c male mice for 5 weeks could increase bone density by 6.45% and the trabecular number by 10%. Additionally, Rhizoma Drynariae extracts can also induce bone formation on the margins of defects created in New Zealand white rabbits parietal bone (Wong et al., 2007) .
The major bioactive constituents of Drynariae Rhizoma are flavonoids, which have attracted considerable attention for their potential roles in osteoporosis prevention and stimulatory activity on osteoblasts differentiation (Wang et al., 2008) . Naringin and neoeriocitrin are the two major flavonoid compounds with the highest concentrations in Drynariae Rhizoma (Xu et al., 2016) . It has been reported that naringin exerts positive effects in bone via ER-dependent pathways (Lu et al., 2006) . Although these results are encouraging, whether DRTF exerts estrogen-like activities, has beneficial effects in estrogen deficiency-induced osteoporotic rats and the possible molecular mechanisms for this remain to be explained. To address these questions, the anti-osteoporotic effects and the potential mechanisms of DRTF on osteoporosis prevention and treatment were systematically investigated and 17-β-estradiol (E 2 ) was used as a positive control drug in the present study.
Materials and methods

Reagents
Total Drynariae Rhizoma flavonoids (DRTF) were purchased from Beijing Qihuang Pharmaceutical Manufacturing Co., Ltd. (National Medicine Permit No. Z20030007, number of production: 04080081, the content of DRTF ≥ 80%). Alpha-Minimum Essential Medium (α-MEM) was purchased from Life Technologies (USA). Fetal bovine serum (FBS) was obtained from ExCell Biology, Inc. (China). Ascorbic acid (AA), β-glycerophosphate (β-GP) and Alizarin Red S were purchased from Sigma-Aldrich (USA). Rat turnover markers ELISA kits were purchased from Biocalvin (Suzhou, China). RIPA lysis solution and a BCA protein assay kit were purchased from HEART biological technology Co., Ltd. (China). The RNAprep Pure Tissue Kit was purchased from TianGen Biotech Co., Ltd. (China). The PrimeScript™ RT reagent kit (Perfect Real Time) and SYBR Premix Ex Taq™ reagent were purchased from TAKARA Biotechnology (China). Anti-OPG antibody was purchased abcam (USA). Anti-ERα and anti-ERβ antibodies were purchased from R&D Systems (USA). Anti-GAPDH (Glyceraldehyde-3-phosphate dehydrogenase) antibody was obtained from Proteintech (China). Anti-RANKL and Horseradish peroxidase (HRP) conjugated antibodies were purchased from Ruiying bio (China).
Analysis the major constituents of DRTF
The naringin and neoeriocitrion in DRTF were identified by high performance liquid chromatography (HPLC), (LC-2010C, Shimadzu, Japan) and mass spectrometry (MS), (Esquire 6000, Bruker, Germany). The HPLC method was as follows: the reference solution was prepared by dissolving 1.69 mg naringin and 1.58 mg neoeriocitrin in 5 ml of methanol in a volumetric flask, separately. The DRTF samples were also dissolved in methanol and prepared as with the test solution. A 10 μl solution was subjected to HPLC and analyzed with a UV detector (SPD-M20A, Shimadzu, Japan) at 283 nm. The separating conditions were as follows: chromatographic column, MERCK C18 (4.6 × 250 mm, ID, 5 μm); column temperature, 30°C; mobile phase was methanol (A): 0.2% acetic acid water (B). The gradient elution was as follows: 0-14 min, 30%-35% A; 14-22 min, 35%-50% A; 22-26 min, 50%-35% A; 26-35 min, and 35%-35% A, with a flow rate of 1.0 ml/min. The relative percentages of naringin and neoeriocitrin in the DRTF were calculated from area normalization of total chromatograms by a computerized integrator. The naringin and neoeriocitrin structures are shown in Fig. 1A and B. The MS identification conditions are as follows: the ion source was ESI, the atomization pressure was 35 psi, the dry gas flow rate was 11 ml/min, the drying temperature was 350°C, the mass range of mass spectrometry were 100-1000 amu, and the ion mode was negative.
Animals and treatments
Three-month-old Sprague-Dawley specific pathogen-free female rats (SIPPR-BK Experimental Animal Ltd., body weight, 250 ± 20 g) were supplied by the Animal Center of the Fourth Military Medical University (Xi'an, China). The rats were housed with a 12/12 h light/dark cycle at 22°C. During the experimental period, the rats were maintained on standard rodent chow and filtered water, which was available ad libitum. The acclimatized rats underwent either bilateral laparotomy (Sham, n = 8) or bilateral ovariectomy (OVX, n = 40). One week after recovering from surgery, the ovariectomized rats were randomly divided into five groups: OVX with vehicle (OVX, n = 8); OVX with E 2 (E 2, n = 8, 25 μg/kg body weight/day) or OVX with graded doses of DRTF (DRTF25, n = 8, 25 mg/kg body weight/day; DRTF75, n = 8, 75 mg/ kg body weight/day and DRTF225, n = 8, 225 mg/kg body weight/ day). Vehicle, E 2 and DRTF were all administered orally through a custom-made stomach tube, which lasted for 12 weeks. The body weights of the rats were recorded every two weeks to assess changes. The bone mineral content (BMC) and bone mineral density (BMD) were measured by dual-energy X-ray absorptiometry (DEXA) two days before the animals were euthanized. Urine samples were collected from the rats that were housed individually for 24 h in metabolic cages without providing food 1 day before euthanasia. Then, the samples were acidified with 2 ml 1 mol/l HCl. After the rats were anesthetized with pentobarbital sodium, a laparotomy was performed and blood samples were collected by abdominal aorta puncture from each anesthetized rat. Serum was then prepared by centrifugation (3000g for 10 min at 4°C
). Urine and serum samples were stored in aliquots at −80°C for biochemical determinations. The uterus, heart, liver, spleen, lung, kidney, brain, and thymus were removed and weighed immediately. The uteri were put into 10% formalin solution for preservation. After 72 h of fixation, the uteri were paraffin embedded, sectioned and dyed with hematoxylin/eosin (HE). Femurs were dissected and placed in physiological saline and stored at −80°C for bone biomechanical quality measurement with a three-point bending test. Additionally, trabecular bone microarchitecture was evaluated by micro-computed tomography (micro CT). All animals were treated in compliance with the principles and procedures contained in the most recent publication of the National Institutes of Health guide for the care and use of laboratory animals (NIH, 2011).
Assay for serum and urine chemistry
Serum calcium (S-Ca), serum phosphorus (S-P) and alkaline phosphatase (ALP) concentrations were measured by standard colorimetric methods using commercial kits (Nanjing Jiancheng Bioengineering Ltd., China) and analyzed with a multi-functional microplate spectrophotometer (SpectraMax M4, Molecular Devices, USA) (Zhai et al., 2014) . Urine calcium (U-Ca), Urine phosphorus (U-P) and creatinine (Cr) concentrations were analyzed by the same method used for the serum samples. Urinary deoxypyridinoline (DPD), serum C-terminal telopeptide of type I collagen (CTX-Ι), osteocalcin (OC), propeptide of type I procollagen (PICP) and tartrate-resistant acid phosphatase (TRAP) levels were determined using rat ELISA kits (Biocalvin, Suzhou, China). Urinary Ca, P and DPD excretion were all expressed as the ratio to Cr concentration (Ca/Cr, P/Cr, DPD/Cr).
DEXA analysis
The BMD and BMC from whole animals were measured with a dualenergy X-ray absorptiometer (Lunar Prodigy Advance DEXA, GE healthcare, Madison, WI, USA) using the small laboratory animal scan mode (Pastoureau et al., 1995) . The BMD and BMC values from the right femur were automatically calculated with purpose-designed software (enCORE™ 2006, GE Healthcare, Madison, WI, USA).
Three-point bending test
Prior to mechanical testing, the left femurs were removed from the freezer, submerged in physiological saline solution to thaw slowly, and held at room temperature on the day of testing. Then, each specimen was placed in a material testing machine on two supports that were separated by a distance of 20 mm and load was applied to the middle of the diaphysis, thus creating a three-point bending test. The biomechanical quality of the left femoral diaphysis was determined using AGS-10KNG material testing machine (SHIMADU, Japan) at a speed of 2 mm/min until fracture occurred. The central loading point was displaced, and the load and displacement values were recorded until the specimen was broken. From the load-deformation curve, the maximum load (ultimate strength, F max ), energy absorption (area under the curve, W abs ) and stiffness (slope of the linear region of the curve representing elastic deformation), maximum stress (F max /crosssectional area, σ max ) and Young's modulus values (maximum slope of the stress-strain curve, E) were obtained.
Micro CT analysis
The distal metaphysis in the right femur of each rat was scanned with Inveon micro CT (Siemens, Germany). The graphic image resolution was 1024 × 1024. Three-dimensional (3D) image data were acquired with a voxel size of 20 × 20 μm in all spatial directions with a micro CT evaluation program (V5.0A) (Laib et al., 2000) . The volumes of interest (VOI), which were located 1 mm from the metaphyseal line to 2 mm (the 100 continuous slices) below it, were chosen for data analysis. The 3D segmented images were directly used to quantify microarchitecture with the Micro-View program (Siemens, Germany) and a multiple Intel® processors-based micro CT workstation. Morphological measurements were performed and the following 3D parameters were obtained by analyzing the VOIs for the trabecular bone: (1) the bone volume/tissue volume (BV/TV), (2) trabecular number (Tb.N), (3) trabecular thickness (Tb.Th), (4) trabecular separation (Tb.Sp), (5) the trabecular pattern factor (Tb.Pf) and (6) cortical thickness (Cb.Th) (Marinozzi et al., 2013) .
Cell culture
MC3T3-E1 cells were cultured in α-MEM medium supplemented with 10% FBS, 2.2 g/l sodium bicarbonate, 100 mg/ml streptomycin and100 Units/ml penicillin, in a humidified 37°C, 5% CO 2 incubator. For cell differentiation experiments, confluent cells were cultured with osteogenic medium that contained α-MEM supplemented with 10% FBS, 100 mg/ml streptomycin, 100 units/ml penicillin, 50 mg/ml ascorbic acid and10 mM β-glycerophosphate (β-GP) and the medium was changed every 2 or 3 days.
Cell proliferation assay
Cell proliferation was determined with an MTT assay. MC3T3-E1 cells were seeded at a density of 2 × 10 3 cells/well in 96-well plates full of medium containing DRTF of various concentrations (0.1, 0.5, 2.5, 12.5, 62.5, or 312.5 μg/ml). After 24 and 48 h treatments, 20 μl of MTT solution (0.5 mg/ml) was then added into each well and the mixture was incubated for 4 h at 37°C. Culture medium was then replaced with an equal volume of DMSO to dissolve the formazan crystals. After shaking at room temperature for 10 min, absorbance was measured at 570 nm with an Infinite M200 multifunctional microplate reader (Tecan, Austria). All experiments were performed in duplicate and repeated independently thrice.
Alkaline phosphatase activity
MC3T3-E1 cells were seeded at a density of 2 × 10 4 cells/well in 24-well plates with osteogenic medium in the presence or absence of DRTF (0.1, 0.5, 2.5, 12.5, 62.5, or 312.5 μg/ml). After 3 days, 6 days, 9 days and 12 days of treatment, cells were gently washed twice with PBS. Then, the cells were lysed with 0.2% Triton X-100 and the lysate was centrifuged at 15,000g for 5 min. The supernatant was collected for alkaline phosphatase (ALP) activity and protein concentration measurements with an ALP activity assay kit and a BCA-protein assay kit, respectively (Ehrlich et al., 2005; Yang et al., 2005) .
Mineralized nodule measurement
Mineralization in MC3T3-E1 cells was determined by staining with Alizarin Red-S. Alizarin Red-S binds selectively to calcium and stains it dark red. Cells (2.5 × 10 4 cells/well) were seeded in 24-well plates and cultured with osteogenic medium with or without DRTF (12.5 μg/ ml) during this period. The medium was changed every 2 days. After incubation for 12 days, the cells were washed with phosphate buffered saline (PBS, pH 7.4), fixed with 10% buffered formaldehyde for 15 min, rinsed with PBS and stained with 0.5% Alizarin Red S (pH 4.2) for 15 min at room temperature. After staining, the cells were washed with distilled water on a shaking platform for 5 min, 5 times. Images of the mineralized nodules were photographed using a microscope (TS100, Nikon, Japan). Image J software (National Institutes of Health, NIH) was used to quantify the area of mineralized nodules.
Real time RT-PCR analysis
MC3T3-E1 cells were seeded in 6-well plates at a density of 2 × 10 5 cells/well. After 2 days of culture, cells were treated with DRTF (2.5, 12.5, 62.5 μg/ml) for 12 h (6 wells per group). Total RNA was extracted from the treated cells using the RNAprep pure Tissue Kit according to the manufacturer's instruction. After the cells were washed twice with PBS, the concentration and purity of the RNA were determined by measuring the absorbance at 260 nm and 280 nm. The RNA samples (1000 ng) was reverse transcribed into complementary DNA (cDNA) using the PrimeScript™ RT reagent kit. The PCR amplification was carried out on LightCycler96 Thermal Cycler (Roche, USA) with specific primers and SYBR Premix Ex Taq™. The cycling parameters were as follows: pre-denaturation at 95°C for 30 s, followed by 45 cycles of 95°C for 10 s, 57°C, 58°C or 60°C for 15 s, and 72°C for 10 s. Following the PCR reaction, melting curve analysis was conducted to verify the specificity and identity of the PCR product. Ct values for the samples were normalized to that of GAPDH and the relative expression was calculated via the 2−ΔΔCt method (Chang et al., 2009; Lau et al., 2008) . All reactions were carried out in triplicate. The primer sequences are given in Table 1 .
Western blotting
MC3T3-E1 cells were treated with DRTF (12.5 μg/ml). After 24 h of incubation, cells were washed with PBS and lysed in RIPA lysis solution. The cell lysates were centrifuged at 10,000 RPM for 10 min at 4°C. The supernatants were collected and the total protein content was quantified with a BCA assay kit. Then, 15 μg of total protein from each sample was separated by SDS-PAGE (10% gel) and transferred to PVDF membranes. After incubation in blocking solution (5% non-fat milk, 0.05% Tween-20 in TBS) for 2 h at room temperature, the membrane was incubated with an appropriate primary antibody against OPG, RANKL, ERα, ERβ and GAPDH at 4°C overnight. After three washes with TBS containing 0.05% Tween-20 (TBST), the membranes were incubated with horseradish peroxidase (HRP) conjugated secondary antibody for 2 h at room temperature. Next, the immunoreaction signals were detected with the enhanced ECL chemiluminescence reagent kit (Biodragon-immunotech, China) and exposed on Gel Doc™ XR + System (Bio-Rad, USA). The relative protein intensities were quantified using Quantity One 1-D analysis software (Bio-Rad, USA) and GAPDH was used as internal control.
Statistical analysis
Data are presented as the mean ± standard deviation (SD). One-way ANOVAs were used to compare data from all groups and Turkey's tests were used as a post-test to compare pairs of groups with the SPSS 16.0 statistical software (SPSS Inc., Chicago, IL, USA). Differences between means were considered statistically significant when pvalues b 0.05.
Results
Quality assessment of DRTF extract
Naringin (Fig. 1A) and neoeriocitrion (Fig. 1B) , which are two flavonoids, were the main ingredients observed in the Drynariae Rhizoma. Naringin is a commonly used marker for authentication of Drynariae Rhizoma extract, according to the Chinese pharmacopoeia (China, 2015) . In our research, naringin and neoeriocitrion were identified by standard substance and mass spectrometry analysis. Fig. 1C is the typical chromatography profile of the two standards in which neoeriocitrion showed a high peak at retention time 12.54 min and naringin showed a high peak at retention time 20.41 min. A typical HPLC chromatogram profile of the DRTF is shown in Fig. 1D . The chemical formula of naringin is C 27 H 32 O 14 and its molecular weight is 580.54. The chemical formula of neoeriocitrion is C 27 H 3 2O 15 and its molecular weight is 596.174. Therefore, the ESI-MS m/z for naringin is 579 [M-H] − and the ESI-MS m/z for neoeriocitrion is 595
The primary mass spectrograms of naringin and neoeriocitrion are shown in Fig. 1E and F. Based on the normalization areas of the total chromatograms, the relative percentage of naringin and neoeriocitrin in the DRTF were 32.92% and 43.43%, respectively.
Body and organ weights
The rats from six experimental groups had similar initial mean body weights (p N 0.05). The body weights of all groups were increased under the pair feeding conditions. The results showed that the growth rate of the OVX group was higher than that of the Sham group (p b 0.01) on week 4 after surgery, which also lasted throughout the experiment. E 2 prevented increased body weight and returned the body weight near to the level maintained by Sham group 4 weeks after treatment (p b 0.01). DRTF (25 mg/kg/day) did not influence body weight, while DRTF (75 and 225 mg/kg/day) decreased the body weight to some degree 4 weeks later ( Fig. 2A) . Additionally, OVX caused significant atrophy of uterus compared with the Sham group (p b 0.001), indicating the success of the surgical procedure. Administering E 2 significantly increased the uterine weight compared with the OVX group (p b 0.001). On the contrary, none of the DRTF doses elicited the uterotropic effects of E 2 ( Fig.   2B and C) . The heart, liver, spleen, lung, kidney, brain and thymus organ indices were not significantly different among the groups (Fig. 2D) .
Biochemical assay
The biochemical serum and urine parameters from all groups are shown in Table 2 (Delmas et al., 2000) . The OVX treatment did not alter the S-Ca and S-P levels between all groups (p N 0.05 for all). Nevertheless, the U-Ca and U-P levels in the OVX group were significantly increased compared with the Sham group (p b 0.01). Treatment with either DRTF or E 2 significantly prevented the OVX-induced increase in U-Ca/Cr and U-P/Cr levels (p b 0.05 or p b 0.01). Twelve weeks after OVX treatment, bone resorption markers such as urinary DPD/Cr ratio, plasma TRAP (Bonjour et al., 2012; de la Piedra et al., 1997) , CTX-I, and bone formation markers for plasma OC, ALP and PICP (Miura et al., 1995) were measured, and all the tested parameters were significantly increased in OVX group (p b 0.01), However, the DRTF and E 2 treatments prevented the OVX-induced increase in the biochemical markers mentioned above (p b 0.05 or p b 0.01). These results indicated that DRTF or E 2 could prevent the OVXinduced increase in the bone turnover rate in rats.
BMD and BMC evaluation
There were no differences in the right femur BMC values between all of the treatment groups. However, The BMD was significantly lower in the OVX group compared with the Sham group (p b 0.001). The twelve-week DRTF treatment at higher doses (75 or 225 mg/kg/day) and the E 2 treatment significantly increased the right femur BMD levels compared with the OVX group (p b 0.01) (Fig. 3) .
Biomechanical quality test
A three-point bending test was performed to determine the effects of DRTF on rat femur bone strength (Ederveen et al., 2001) . As shown in Table 3 , after 12 weeks of estrogen deficiency, the max-load values in OVX group reduced significantly. The levels of energy and stiffness in OVX group tended to decrease, however, they did not reach statistical significance compared with the Sham group. Although the E2 and DRTF treatments altered the max-load, energy and stiffness levels, neither E 2 nor DRTF had significant effects on the values of these three biomechanical parameters compared with OVX group. However, the OVX treatment significantly reduced the max-stress and Young's The heart, liver, spleen, lung, kidney, brain and thymus were isolated and weighed after the animals were sacrificed and the organ index was represented as organ weight divided by body weight. 
Micro CT evaluation
Three-dimensional images of femoral metaphysis showed differences in trabecular microarchitecture amongst the various treatment groups, as represented in Fig. 4A-F . Analysis of the representative samples indicated that OVX significantly decreased the trabecular BV/TV, Tb.N, and Tb.Th levels (p b 0.001) compared with the Sham group. In contrast, the distal femur Tb.Sp and Tb.Pf levels in the OVX rats were significantly increased compared with the Sham group (p b 0.01). Compared with the OVX group, the DRTF (75 or 225 mg/kg/day) or E 2 treatments reversed the effects mentioned above at some degree amongst all of the groups. Nevertheless, the thickness of cortical bone had no significant difference in each group (Table 4) . 
Effects of DRTF on the differentiation of MC3T3-E1 cells
The cell proliferation rates, as measured by the MTT assay, were significantly increased when the cells were treated with DRTF (12.5 or 62.5 μg/ ml) (p b 0.01 for all) (Fig. 5) . Based on this preliminary observation, we evaluated the differentiation-inducing activities of DRTF on MC3T3-E1 cells by assessing ALP activity. ALP activity is a phenotypic marker for early differentiation of osteoblasts. When MC3T3-E1 cells were treated with different concentrations (0.1, 0.5, 2.5, 12.5, 62.5, 312.5 μg/ml) of DRTF for different time points, the ALP activity increased in a time-dependent manner, with a maximum activity level observed on the 9th day; however, it decreased on the 12th day. DRTF (12.5 or 62.5 μg/ml) exhibited significant stimulating effects on cell differentiation (p b 0.01 or p b 0.05), while it decreased cell differentiation at 312.5 μg/ml. As the strongest activity obtained by the above experiments was 12.5 or 62.5 μg/ml, this concentration was used in the following experiments.
Effects of DRTF on MC3T3-E1 cell maturation
The formation of mineralized nodules is one of the important markers during osteoblastic maturation. MC3T3-E1 cells were incubated with DRTF (12.5 μg/ml) in osteogenic medium for 12 days and stained with Alizarin Red S to detect mineralized nodule formation, as represented by bright red color. The mineralized areas in MC3T3-E1 cells cultured with DRTF showed remarkably increased intensity compared with the control (Fig. 6) . In addition to the obvious color change, the amount of mineralized nodules following DRTF treatment was significantly higher than that of the control (p b 0.01).
Effects of DRTF on OPG and RANKL expression
Osteoprotegrin (OPG) and receptor activator of NF-κB ligand (RANKL) were identified as the dominant and final mediators of osteoclastogenesis (Bord et al., 2003; Zhang et al., 2014b) . As shown in Fig. 7A , DRTF at 12.5 and 62.5 μg/ml significantly increased OPG expression in MC3T3-E1 cells (p b 0.01 or p b 0.05). On the contrary, RANKL expression was down-regulated following DRTF treatment (p b 0.01) (Fig.  7B) . The OPG to RANKL ratio was then calculated to demonstrate its effects on osteoclastogenesis. The results showed that the ratio was significantly increased in the DRTF group (12.5 and 62.5 μg/ml) compared with the control (p b 0.01 or p b 0.05) (Fig. 7C) . We then detected the protein production of OPG and RANKL in the presence and absence of DRTF (12.5 μg/ml) using western blotting (Fig. 8) . The results were consistent with the gene expression levels, which indicated that DRTF can inhibit osteoclastogenesis by decreasing the direct interaction between RANKL expression on osteoblasts and RANK expression on the osteoclast cell surface.
Effects of DRTF on ERα and ERβ expression
To determine whether DRTF could alter ER expression, the ERα and ERβ expression levels were studied. Our results indicated that E 2 (10 −11 M) activated ER-dependent transcription activity via ERα (p b 0.01 vs. control) as well as ERβ (p b 0.001 vs. control). Additionally, DRTF increased the ERα and ERβ expression levels in a concentration dependent manner. DRTF at concentration of 12.5 and 62.5 μg/ml significantly enhanced ERα and ERβ expression in the MC3T3-E1 cells (Fig. 9A , B, p b 0.05 or p b 0.01 vs. control). Moreover, we examined the protein production of ERα and ERβ in the presence or absence of DRTF using western blotting. As shown in Fig. 10A , E 2 and DRTF (62.5 μg/ml) significantly up-regulated ERα and ERβ expression in the MC3T3-E1 cells (Fig. 10B, p b 0 .05 or p b 0.01 vs. control).
Discussion
Drynariae Rhizoma and other kidney-tonifying traditional Chinese medicines have been widely used for thousands of years to treat fractures and joint diseases. In the present study, we evaluated the skeletal effects of DRTF on osteoporotic rats and explored the possible osteogenic effect mechanisms.
In order to evaluate the positive DRTF-mediated effects for the treatment of PMOP, the internationally accepted OVX rat model was utilized in this study (Nakamuta, 2004) . As expected, OVX resulted in a significant reduction in the total BMD in the femur after 12 weeks. This loss in bone mass was accompanied by a significant simultaneous increase in bone remodeling, as was demonstrated by the enhanced bone turnover marker levels, such as Ca/Cr, P/Cr, DPD/Cr, CTX-Ι, PICP, OC, ALP and Trap. These results suggested that OVX alters calcium metabolism and causes a significant increase in bone turnover rate. Treatment with DRTF or E 2 prevented the decreased total BMD levels, which were reflected by the decreased bone turnover markers mentioned above. In summary, these results indicate a reduction in the bone turnover rate after treatment with DRTF and E 2 .
Although such inhibition would generally be considered beneficial, biomechanical bone competence may be compromised if bone remodeling is excessively inhibited (Ederveen et al., 2001) . Therefore, the three-point bending test was carried out to investigate the effects of DRTF on the biomechanical properties of the femurs from the OVX rats. Structural biomechanical properties (i.e., maximum load, stiffness and energy) are influenced by bone material properties and by the bone architecture or geometric properties, which are called extrinsic biomechanical properties. The actual effect from the treatment with regard to biomechanical competence can only be fully evaluated by material biomechanical parameters such as maximum stress and Young's modulus, which are called intrinsic biomechanical properties (Turner and Burr, 1993) . From a biomechanical point of view, an ideal drug for bone fragility treatment should improve bone strength and decrease brittleness, in order to improve the extrinsic biomechanical properties of the bone but not substantially impair its intrinsic properties (Zhang et al., 2014a) . In fact, it is very difficult to achieve this combination of effects. Fluoride treatment is a good example, as fluoride can improve bone mass (Haguenauer et al., 2000) ; however, fluoride incorporation into bone mineral reduces its intrinsic biomechanical properties (Turner et al., 1995) . Our data confirmed that it is difficult to simultaneously improve the intrinsic and extrinsic properties. After 12 weeks of daily treatment, the DRTF or E 2 treatments only promoted the intrinsic properties of the femur. The improvement in the intrinsic properties may be due to the trabecular bone structure optimization.
Preservation of the trabecular bone architecture significantly promotes bone strength and may be more important in decreasing fracture risk than improving BMD (Bouxsein, 2003) . Therefore, microarchitecture determinants are necessary to evaluate the true impact of a treatment on trabecular bone quality (Marinozzi et al., 2013; Muller et al., 2004; Wronski et al., 1989) . The results of the micro CT indicated that the morphometric parameters (BV/TV, Tb.Th and Tb.N) of the trabecular bone at the distal femur were improved in the OVX rats in response to 12 weeks of daily oral treatment with DRTF. Furthermore, the DRTF treatment decreased the ovariectomy-induced alterations of the Tb.Sp and Tf.Pf, indicating that the deterioration of the microstructural geometry of the trabecular bone was largely prevented. Although we observed some positive effects from the DRTF treatments on the trabecular bone micro-architectural properties, none of the treatments, Fig. 9 . Effects of DRTF on ERα and ERβ mRNA expression in MC3T3-E1 cells. MC3T3-E1 cells were treated with vehicle (control), E 2 and different concentrations of DRTF (2.5, 12.5 and 62.5 μg/ml) for 12 h. Total RNA was isolated and real-time RT-PCR was performed to determine the mRNA expressions levers of ERα (A) and ERβ (B), which were normalized to that of GAPDH. The results were expressed as the mean ± SD (n = 3), *p b 0.05, **p b 0.01 vs. control. including E 2 , were able to restore the deteriorated trabecular bone (Devareddy et al., 2006) . These findings are consistent with those of other studies in which the trabecular structure restoration were unable to be observed after its deterioration had occurred, emphasizing the need for trabecular bone loss prevention (Laib et al., 2001) .
The in vitro study using MC3T3-E1 cells provided further support for the potential action of DRTF on bone. DRTF not only promoted proliferation and increased ALP activity but it also enhanced the formation of mineralized nodules in osteoblasts. These results indicated that DRTF might participate in multiple stages of the osteoblast differentiation process, from early to terminal stages, to stimulate osteoblast cell differentiation and maturation. We also determined the expression of several important proteins that are involved in the osteoblast differentiation process as well as osteoclastogenesis in bone, such as OPG, RANKL, ERα and ERβ. With the recent discovery of RANKL-RANK interaction, the role of osteoblasts in osteoclast differentiation is now clearly defined. Binding of RANKL secreted from osteoblastic cells to RANK on the osteoclast cell surface results in an induction of osteoclast function, whereas, the secretion of OPG (the soluble decoy receptor of RANKL) by osteoblasts can interfere with RANKL-RANK interactions, which inhibits osteoclastogenesis (Boyce and Xing, 2008; Theoleyre et al., 2004) . The present study showed that DRTF (12.5 μg/ml) stimulated OPG and suppressed RANKL expression, leading to an increased expression ratio of OPG/RANKL in ME3T3-E1 cells, which might inhibit osteoclastogenesis via modulation of the OPG/RANKL system in osteoblastic cells. Furthermore, previous studies reported that DRTF can up-regulate bone-related gene expression that are involved in bone formation (such as Smad1 and Smad5) (Zhu et al., 2010) , suppress the circulatory level of cytokines involved in inducing bone resorption (TNF-α and IL-6), and stimulate cytokines (i.e., IL-4) associated with bone resorption suppression in OVX rats (Xie et al., 2004; Zhu et al., 2010) .
Estrogen is one of the most important hormones in the body. It is primarily secreted by the ovaries, testicle and hypothalamus and plays a physiological role by binding two ER subtypes (ERα and ERβ). ERβ is more abundant in bone tissue while ERα is mainly distributed in reproductive cells, especially those of the breast and uterus. A previous study showed that the presence of ERβ-like immunoreactivity in the nuclei of human and murine osteoblasts and osteocytes and in the cytoplasm of osteoclasts and chondrocytes (Kuiper et al., 1998) . Supplemental estrogen can inhibit osteoclast activity and reduce high bone turnover rate. Additionally, long-term supplement can increase estrogen levels, resulting in hyperplasia of the endometrium and ductal epithelial cells, which can increase the risk of breast and uterine cancer (Hvidtfeldt et al., 2015) . Although the osteo-protective effects of DRTF in vivo were similar to those of E 2 as reported in studies by others (Magnusson and Weiderpass, 2001; Morch et al., 2012; Morch et al., 2009 ), DRTF did not mimic the effects of E 2 on uterus weight. Moreover, DRTF is also safe for the body, as the organ indexes were not significantly different amongst the groups. The in vitro study showed that DRTF (62.6 μg/ml) improved both ERα and ERβ expression levels in the MC3T3-E1 cells. The results demonstrated that DRTF behaves as a phytoestrogen and exerts positive effects in bone cells via ER-dependent pathways. The mechanism of the action of the phytoestrogens is similar to the estrogen, which then combines with the estrogen receptor, acts on the estrogen response element in the nucleus, and exerts its physiological function (Boonchird et al., 2010) .
In conclusion, DRTF administration was able to prevent estrogen deficiency induced bone mass decrease and deterioration of trabecular microarchitecture without hyperplastic effects on the uterus and other organs, thus maintaining the structural integrity and biomechanical qualities of the bone. Moreover, DRTF appeared to exert positive effects on bone formation, while negatively modulating bone resorption. These effects seem to be related to the high content of flavonoids that behave as phytoestrogens but did not act the same as estrogen. Our study may provide evidence to support the use of DRTF as a reasonable alternative for the prevention and treatment of PMOP.
Conclusions
In this study, we systematically evaluated the protective effects of DRTF on OVX-induced bone loss in female rats and explored the possible mechanism of their therapeutic effects. The data demonstrated that DRTF could prevent OVX-induced bone loss without uterine estrogenic effects. Such a bone-protective role makes it a promising alternative agent for the safe and effective treatment of PMOP. As the major active ingredients in DRTF are naringin and neoeriocitrin, evaluation of their effects in an ovariectomized rat model is in process. 
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